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(57) ABSTRACT

The present invention 1s directed to an optical communica-
tion system and optical signal amplifier for amplifying said
optical signal having at least a first and a second wavelength
as 1t propagates therethrough. The optical signal amplifier
includes an iput port; an output port; an optical medium,
wherein a portion of the optical medium comprises a plu-
rality of optical paths corresponding to the first and second
wavelengths of the optical signal; a light radiation generator
capable of coupling light radiation of a plurality of light
radiation wavelengths related to the first and second wave-
lengths of the optical signal into each of the optical paths,
whereby the first and said second wavelengths are amplified
by Raman amplification; and an optical combiner for recom-
bining the first and second wavelengths of the optical signal
to generate the amplified optical signal.
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BROADBAND OPTICAL AMPLIFICATION
SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mnvention relates to a system for broadband
optical amplification, particularly to a dual window Raman
amplifier, and more particularly to a dual window,
bi-directional Raman amplifier.

2. Description of the Prior Art

Currently, dense wavelength division multiplexing
(DWDM) technology 1s being used to dramatically improve
high capacity optical transmission systems. Systems are now
being developed that will allow transmission of 64 (and
beyond) WDM channels on a single fiber. This represents a
dramatic 1ncrease from existing 16 channel systems.

Broadband optical amplifiers will be essential compo-
nents 1n such systems and will need to provide high enough
bandwidth, low enough noise, and sutficient power to mini-
mize channel crosstalk and degradation due to fiber nonlin-
carities. In addition, 1t 1s 1mportant that the amplifiers
provide a graceful upgrade path for the customer. It 1s very
likely that customers initially will only require a fraction of
the maximum system capacity, while maintaining the option
to expand the capacity at a later point. More specifically,
they will require amplifiers that can be upgraded (as opposed
to being replaced) to the full system capacity at a small
additional cost.

Recently, it has been demonstrated that the bandwidth of
erbium doped fiber amplifiers (operating around 1550 nm)
can be expanded to more than 80 nm using a split band
technique. Such amplifiers would easily accommodate 100
wavelength channels at 100 GHz spacing. However, current
systems where the wavelength channels occupy a large
contiguous bandwidth have the significant disadvantage that
they suffer substantial penalties due to stimulated Raman
scattering. These penalties occur because the lower wave-
length channels loose power (and thereby signal to noise
ratio) as they pump the upper wavelength channels. Also, an
erbium doped fiber amplifier with the full 80 nm bandwidth
may not necessarily provide the customer with the desired
upgrade path.

SUMMARY OF THE INVENTION

Thus an optical communication system 1s needed which
can achieve the benefits of broadband DWDM, while reduc-
ing penalties due to stimulated Raman scattering.
Accordingly, the present invention 1s directed to a system of
amplification in which signal gain 1s provided 1n indepen-
dent wavelength windows.

The present invention includes an optical communication
system and optical signal amplifier for amplifying an optical
signal having at least a first and a second wavelength as 1t
propagates therethrough. The optical signal amplifier
includes an 1nput port; an output port; an optical medium,
wherein a portion of the optical medium comprises a plu-
rality of optical paths corresponding to the first and second
wavelengths of the optical signal; a light radiation generator
capable of coupling light radiation of a plurality of light
radiation wavelengths related to the first and second wave-
lengths of the optical signal into each of the optical paths,
whereby the first and said second wavelengths are amplified
by Raman amplification; and an optical combiner for recom-
bining the first and second wavelengths of the optical signal
to generate the amplified optical signal.
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The present invention may further include an optical
signal direction selective device disposed in each of the
optical paths for reducing scattering of the optical signal,
and a bypass medium for allowing the light radiation to
bypass the optical signal direction selective device. The light
radiation generator may include a light pump, a light
1solator, a light cavity and gratings, at least one wavelength
division multiplexor, and a plurality of light couplers. The
present 1nvention may also include gain flattening
components, dispersion compensating components, an opti-
cal signal attenuator, and an optical bypass switch for
controllably removing one or more of the first or second
wavelengths from the optical signal. The present invention
may also be configured for bidirectional operation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustrating the components and
conflguration of a preferred embodiment of the present
invention.

FIG. 2 1s a schematic illustrating the components and
conilguration of second preferred embodiment of the present
invention configured for bidirectional operation.

FIGS. 3(a) 1s a schematic illustrating the components and
configuration of preferred embodiment of a light 1solator of
the present invention.

FIGS. 3(b) 1s a schematic illustrating the components and
configuration of preferred embodiment of a light circulator
of the present 1nvention.

FIGS. 4(a) 1s a schematic illustrating the components and
conflguration of a second preferred embodiment of a light
1solator of the present mmvention.

FIGS. 4(b) 1s a schematic illustrating the components and
confliguration of a second preferred embodiment of a light
circulator of the present invention.

DETAILED DESCRIPTION

The present mvention will be understood more fully from
the detailed description given below and from accompany-
ing drawings of preferred embodiments of the invention,
which, however, should not be taken to limit the 1nvention
to a specific embodiment, but are for explanation and
understanding only.

To enable amplification of numerous WDM channels,
while keeping the contiguous bandwidth low, an amplifier 1s
needed that provides gain in each wavelength window (e.g.
the 1300 nm window as well as the 1550 nm window). This
would effectively reduce penalties from stimulated Raman
scattering 1n the transmission fiber as the channels are
divided into two independent windows separated by more
than the Raman gain bandwidth. The amplifier of the present
invention 1s furthermore based on a topology that mitially
can be configured to operate 1 only one of the windows, and
be upgraded to operate mm both windows against a very
modest 1nvestment.

The amplifier of the present invention 1s preferably a
Raman amplifier, as shown 1n FIG. 1. Amplifiers based on
Raman gain are highly advantageous because the gain
window can be tailored to any wavelength region and that
multiple gain windows can be provided from the same light
pump source as long as the gain windows are separated by
an mteger multiple of the Stoke shift. The amplifier shown
herein provides gain 1n the 1300 nm window and the 1550
nm window (corresponding to 4 Stoke shifts separation) but
other combinations are certainly within the scope of the
invention.
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Raman amplifiers are known generally 1n the art. One
example 1s disclosed 1n detail 1n 1s U.S. Pat. Nos. 5,623,508
and 6,673,280 to Grubb, which are hereby incorporated by
reference herein 1n their entirety. The amplifier of the present
invention, however, provides significant advantages over the
conventional Raman amplifiers of the prior art through the
use of an opftical path for each wavelength of the optical
signal to be amplified (as described in more detail below).

As shown 1n FIG. 1, Amplifier 1 contains Input Port 2,
Output Port 3, and Optical Medium 4. Optical Medium 4
may comprise any number of optical media, which are well
known 1n the art, such as optical fibers, particularly silica
olass fiber, and other optical wave guides. A portion of
Optical Medium 4, 1s divided into two optical paths. Each of
the optical paths includes optical fiber for achieving Raman
ogain. These are shown 1n FIG. 1 as Optical Fibers 1A, 1B,
2A, and 2B.

The 1300 nm path provides Raman gain for the 1300 nm
portion of the optical signal inputted at Input Port 2, and the
1550 nm path amplifies the 1550 nm portion of the optical
signal. The 1nputted optical signal may divided into the
optical two paths through the use of a light divider, well
know to those of skill in the art, such as Wave Division
Multiplexor (WDM) Coupler W2. Likewise, the wave-
lengths of the optical signal can be combined after ampli-
fication 1n a conventional manner when passed to Output
Port 3, such as through the use of Wave Division Multi-
plexor (WDM) Coupler Wé6. In this way, both the 1300 nm
and 1550 nm input signals are counter pumped, as further
described below.

The present invention may also include a light radiation
generator, which provides light radiation to the optical
medium 1n a direction opposite to the direction of propaga-
tion of the optical signal. The light radiation introduced 1is
preferably of a plurality of wavelengths 1n relation to the
wavelengths of the optical signal. Such systems are well
known 1n the art.

For example, as shown 1 FIG. 1, a cascaded Raman laser
may be used that generates 1240 nm and 1480 nm light to
provide Raman gain for the 1300 nm and 1550 nm input
signals, respectively. The 1240 and 1480 nm lights are
coupled to the appropriate paths 1n the lower part of the ring

by of Wave Division Multiplexor (WDM) Coupler WS while
of Wave Division Multiplexor (WDM) Coupler W1
re-injects unused pump light from the portion of the optical
medium containing the separate optical paths.

The light radiation generator may generate the 1240 and
1480 nm lights by using a light pump, such as a single 1117
nm pump source, shown as Pump Source 5 in FIG. 1. The
light from Pump Source 5 1s injected into the ring through
coupler W9. W9 serves as a 1117/1240 nm coupler as well
as a 1117/1480 nm coupler. The 1117 nm light 1s mitially
converted 1nto 1240 nm light by the Raman gain 1n fiber 1C.
The 1240 nm light 1s lasing clockwise around the ring 1n a
direction opposing the direction of propagation of the optical
signal through the inclusion of Light Direction Selective
Device 11, and provides the Raman gain for the 1300 nm
portion of the mput signal. The Raman gain in fiber 1C,
together with the light cavity consisting of the
1305-1365-1420 HR gratings comprise a wave converter to
convert part of the lasing 1240 nm light into 1480 nm light.
The 1480 nm light 1s also lasing clockwise around the ring,
but 1s coupled to the 1550 nm path where it provides the
Raman gain for the 1550 nm portion of the optical signal.

The 1300 nm and the 1550 nm paths may also be divided
into two stages. Components “A” and “B” separating the
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two stages may include a signal direction selective device to
minimize Rayleigh scattering noise 1n the optical signal. In
addition, the components may include gain flattening com-
ponents and dispersion compensating fiber so that the dis-
persion map can be optimized mdependently for each wave-
length window. An attentuator may also be 1ncluded for gain
control. The WDM couplers on each side of “A” and “B”
provide a bypass medium for the 1240 nm and 1480 nm light
from the light radiation generator.

The direction selective device used in the preferred
embodiment of the present invention may, of course, com-
prise a number of wavelength selection devices well known
in the art, such as light 1solators and bypass medium, or
optical circulators. Examples of these devices are shown 1n

FIGS. 3(a) and 3(b), and FIG. 4(a) and 4(b).

As shown 1n FIG. 3(a), the optical signal, As, enters the
direction selective device through WDM 8, and passes
through Light Isolator 9, to WDM 10. Simultaneously, light
, Ap, enters the direction selective device through WDM 10.
Light Ap 1s generated by passing light from Light Pump §
through HR gratings to select the appropriate wavelength, as
previously described. Light Isolator 9 substantially blocks
light Ap from passing through to WDM 9. Any transmitted
light 1s 1nstead passed through Bypass Medium 11, which
may comprise, for example, a silica glass optical fiber, and
similar light guides.

An alternate embodiment is shown in FIG. 3(b). As shown
in FIG. 3(b), the optical signal, As passes through Light
Circulator 12. In this configuration, Light Circulator 12 1s a
closed circulator. Light, Ap, enters the direction selective
device from the opposite direction, and is reflected from
Bragg grating 13 allowing passage of light Ap from right to
left around Circulator 12. Using a closed circulator in this
manner 1n the present invention has the significant advan-
tage that the Bragg erating helps to stabilize light Ap as 1t
lases around the amplifier.

As shown 1n FIG. 4(a), the optical signal, As, enters the
direction selective device through WDM 14, and passes
through Light Isolator 15. Simultaneously, the light , Ap,
enters WDM 14 as shown. An alternate embodiment 1s
shown in FIG. 4(b). As shown in FIG. 4(b), the optical
signal, As passes through Light Circulator 16. In this
coniliguration, Light Circulator 16 1s an open circulator. The
light, Ap, enters Light Circulator 16 as shown.

The multi-band amplifier of the present invention, such as
the dual band amplifier illustrated 1in FIG. 1, can be used as
a single wavelength 1300 nm or 1550 nm amplifier by
including a WDM coupler as a conventional bypass switch
to bypass the 1550 nm path or 1300 nm path. Moreover,
upgrading from a single window amplifier to a dual window
amplifier system may be accomplished by stmply adding the
missing components. The amplifier can be upgraded from a
single 1300 nm window amplifier to a dual window ampli-
fier without any interruption of the 1300 nm window.
However, upgrading from a single 1550 nm window to a
dual window system will require interruption of the 1550 nm
window, since the 1240 nm pump light (Pump Source 5 in

FIG. 1) must be disconnected in order to msert components
in the 1300 nm path.

A second preferred embodiment of the present invention
1s shown 1n FIG. 2. As shown 1n FIG. 2, the amplifier of the
present invention can also be implemented as a bidirectional
amplifier. The upper half of the amplifier shown 1 FIG. 2
amplifies the signal going from Port 6 to Output Port 7
through Circulators G. The lower half of the amplifier
provides amplification for the signal going in the other
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direction. Both 1300 nm and 1500 nm bi-directional ampli-
fication can be achieved by varying the number of
up-conversions 1n the cascaded Raman laser. By using this
coniiguration, the cascaded Raman lasers CRL, previously
describe 1in connection with FIG. 1, can be placed 1n any of
the four positions of shown 1n FIG. 2.

Although the present invention has been described 1n 1its
preferred embodiments with reference to the accompanying,
drawings, 1t can be readily understood that the present
invention 1s not restricted to the preferred embodiments and
that various changes and modifications can be made by those
skilled 1n the art without departing from the spirit and scope
of the present invention.

What 1s claimed 1s:

1. An optical signal amplifier for amplifying said optical
signal having at least a first and a second wavelength as 1t
propagates therethrough, said optical signal amplifier com-
prising:

a) an input port for receiving said optical signal,

b) an output port for transmitting an amplified optical

signal;

¢) an optical medium, wherein a portion of said optical
medium comprises a plurality of optical paths corre-
sponding to said at least first and second wavelengths
of said optical signal for propagating said optical signal
from said input port to said output port;

d) a light radiation generator capable of coupling light
radiation of a plurality of light radiation wavelengths
related to said at least first and second wavelengths of
said optical signal 1nto each of said optical paths of said
optical medium, whereby said at least first and said
second wavelength of said optical signal are amplified
by Raman amplification utilizing a single light pump
source, and are separated by an integer multiple of the
Stoke’s shift; and

¢) an optical combiner for recombining said first and
second wavelengths of said optical signal after said
Raman amplification to generate said amplified optical
signal and coupling said amplified optical signal to said
output port.

2. The optical signal amplifier of claim 1, wheremn said
light radiation 1s propagated 1n a direction opposite to said
propagation of said optical signal.

3. The optical signal amplifier of claim 1, further com-
prising an optical signal direction selective device compris-
ing a light 1solator disposed 1n each of said optical paths of
said second portion of said optical medium for reducing
scattering of said optical signal, and a bypass medium for
allowing said light radiation to bypass said light 1solator.

4. The optical signal amplifier of claim 1, further com-
prising an optical signal direction selective device compris-
ing a light circulator disposed 1n each of said optical paths
of said second portion of said optical medium for reducing
scattering of said optical signal, and a Bragg grating for
allowing said light radiation to circle said light circulator 1n
a direction opposite to said optical signal.

5. The optical signal amplifier of claim 1, wheremn said
light radiation generator comprises a light pump, a light
direction selection device, a light cavity and gratings, at least
one wavelength division multiplexor, and a plurality of light
couplers.

6. The optical signal amplifier of claim 1, further com-
prising gain flattening components.

7. The optical signal amplifier of claim 1, further com-
prising dispersion compensating components.

8. The optical signal amplifier of claim 1, further com-
prising an optical signal attenuator.
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9. The optical signal amplifier of claim 1, further com-
prising an optical bypass switch 1n said optical paths for
controllably removing one or more of said first or second
wavelengths from said optical signal.

10. The optical signal amplifier of claim 1, further com-
prising an optical closed circulator 1n said optical paths for
controllably removing one or more of said first or second
wavelengths from said optical signal.

11. The optical signal amplifier of claim 1, wherein said
first wavelength and said second wavelength of said optical
signal are about 1300 nm and 1550 nm, respectively.

12. The optical signal amplifier of claim 1, wherein said
optical medium comprises optical glass fiber.

13. The optical signal amplifier of claim 9, wherein said
optical glass fiber 1s silica glass.

14. The optical signal amplifier of claim 1, wherein said
optical amplifier 1s configured for bidirectional operation.

15. An optical signal amplifier for amplifying said optical
signal having at least a first and a second wavelength as 1t
propagates therethrough, said optical signal amplifier com-
prising:

a) an input port for receiving said optical signal;

b) an output port for transmitting an amplified optical
signal;

¢) an optical medium, wherein a portion of said optical
medium comprises a plurality of optical paths corre-
sponding to said at least first and second wavelengths
of said optical signal for propagating said optical signal
from said input port to said output ports;

d) a light radiation generator capable of coupling light
radiation of a plurality of light radiation wavelengths
related to said at least first and second wavelengths of
said optical signal into each of said optical paths of said
optical medium, whereby said at least first and said
second wavelength of said optical signal are amplified
by Raman amplification utilizing a single light pump
source, and are separated by an integer multiple of the
Stoke’s shift;

¢) an optical signal direction selective device disposed 1n
cach of said optical paths of said second portion of said
optical medium for reducing scattering of said optical
signal, and a bypass medium for allowing said light
radiation to bypass said optical signal direction selec-
tive device; and

f) an optical combiner for recombining said first and
second wavelengths of said optical signal after said
Raman amplification to generate said amplified optical
signal and coupling said amplified optical signal to said
output port.

16. The optical signal amplifier of claim 15, wherein said
light radiation 1s propagated 1n a direction opposite to said
propagation of said optical signal.

17. The optical signal amplifier of claim 15, wherein said
light radiation generator comprises a licht pump, a light
1solator, a light cavity and gratings, at least one wavelength
division multiplexor, and a plurality of light couplers.

18. The optical signal amplifier of claim 15, further
comprising gain flattening components.

19. The optical signal amplifier of claim 15, further
comprising dispersion compensating components.

20. The optical signal amplifier of claim 15, further
comprising an optical signal attenuator.

21. The optical signal amplifier of claim 18§, further
comprising an optical bypass switch in said optical paths for
controllably removing one or more of said first or second
wavelengths from said optical signal.
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22. The optical signal amplifier of claim 15, further
comprising an optical closed circulator in said optical paths
for controllably removing one or more of said first or second
wavelengths from said optical signal.

23. The optical signal amplifier of claim 15, wherein said
optical amplifier 1s configured for bidirectional operation.

24. An optical signal amplifier for amplifying said optical
signal having at least a first and a second wavelength as 1t
propagates therethrough, said optical signal amplifier com-
prising;

a) an input port for receiving said optical signal;

b) an output port for transmitting an amplified optical

signal;

¢) an optical medium, wherein a portion of said optical

medium comprises a plurality of optical paths corre-
sponding to said at least first and second wavelengths
of said optical signal for propagating said optical signal
from said mput port to said output ports;

d) a light pump, for coupling light radiation into said
optical medium;
¢) a light direction selective device for propagating said

light radiation 1n a direction opposite to said propaga-
tion of said optical signal;

f) a wavelength converter for splitting said light radiation
into a plurality of light radiation wavelengths 1n rela-
tion to said first and second wavelengths of said optical
signal;

g) a light divider for passing each of said plurality of
wavelengths of light radiation to a corresponding one
of each of said optical paths, whereby said first and said
second wavelength of said optical signal are amplified
by Raman amplification utilizing a single light pump
source, and are separated by an integer multiple of the
Stoke’s shift; and

h) an optical combiner for recombining said first and
second wavelengths of said optical signal after said
Raman amplification to generate said amplified optical
signal and coupling said amplified optical signal to said
output port.

25. The optical signal amplifier of claim 24, further
comprising an optical signal direction selective device com-
prising a light isolator disposed 1n each of said optical paths
of said second portion of said optical medium for reducing
scattering of said optical signal, and a bypass medium for
allowing said light radiation to bypass said light 1solator.

26. The optical signal amplifier of claim 1, further com-
prising an optical signal direction selective device compris-
ing a light circulator disposed 1n each of said optical paths
of said second portion of said optical medium for reducing
scattering of said optical signal, and a Bragg grating for
allowing said light radiation to circle said light circulator 1n
a direction opposite to said optical signal.

27. The optical signal amplifier of claim 24, wherein said
wavelength converter comprises a light cavity and gratings.

28. The optical signal amplifier of claim 24, wherein said
light divider comprises at least one wavelength division
multiplexor and a plurality of light couplers.

29. The optical signal amplifier of claim 24, further
comprising gain flattening components.

30. The optical signal amplifier of claim 24, further
comprising dispersion compensating components.

31. The optical signal amplifier of claim 24, further
comprising an optical signal attenuator.

32. The optical signal amplifier of claim 24, further
comprising an optical bypass switch 1n said optical paths for
controllably removing one or more of said first or second
wavelengths from said optical signal.

33. The optical signal amplifier of claim 24, further
comprising an optical closed circulator in said optical paths
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for controllably removing one or more of said first or second
wavelengths from said optical signal.
34. An optical communication system comprising:

a) an optical signal source for generating an optical signal
having at least a first and a second wavelength;

b) an optical signal amplifier in communication with said
optical source for amplifying said optical signal as 1t
propagates therethrough, said optical signal amplifier
comprising:

1) an mput port for receiving said optical signal;

i1) an output port for transmitting an amplified optical
signal;

ii1) an optical medium, wherein a portion of said optical
medium comprises a plurality of optical paths cor-
responding to said at least first and second wave-
lengths of said optical signal for propagating said
optical signal from said input port to said output
ports;

1iv) a light radiation generator capable of coupling light
radiation of a plurality of light radiation wavelengths
related to said at least first and second wavelengths
of said optical signal into each of said optical paths
of said optical medium, whereby said at least first
and second wavelength of said optical signal are
amplified by Raman amplification utilizing a single
light pump source, and are separated by an integer
multiple of the Stoke’s shift; and

v) an optical combiner for recombining said first and
second wavelengths of said optical signal after said
Raman amplification to generate said amplified opti-

cal signal and coupling said amplified optical signal
to said output port, and

c) an optical signal detector for detecting said amplified
optical signal from said output port of said optical
amplifier.

35. The optical signal amplifier of claim 34, further
comprising an optical signal direction selective device com-
prising a light 1solator disposed 1n each of said optical paths
of said second portion of said optical medium for reducing
scattering of said optical signal, and a bypass medium for
allowing said light radiation to bypass said light 1solator.

36. The optical signal amplifier of claim 1, further com-
prising an optical signal direction selective device compris-
ing a light circulator disposed 1n each of said optical paths
of said second portion of said optical medium for reducing
scattering of said optical signal, and a Bragg grating for
allowing said light radiation to circle said light circulator 1n
a direction opposite to said optical signal.

37. The optical communication system of claim 34,
wherein said light radiation generator comprises a light
pump, a light direction selective device, a light cavity and
oratings, at least one wavelength division multiplexor, and a
plurality of light couplers.

38. The optical communication system of claim 34,
further comprising gain flattening components.

39. The optical communication system of claim 34,
further comprising dispersion compensating components.

40. The optical communication system of claim 34,
further comprising an optical signal attenuator.

41. The optical communication system of claim 34,
further comprising an optical bypass switch 1n said optical
paths for controllably removing one or more of said first or
second wavelengths from said optical signal.

42. The optical signal amplifier of claim 33, wherein said
optical amplifier 1s configured for bidirectional operation.
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